Organic electronic synapses (e-synapses) based on poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)/ graphene quantum dot (GQD) nanocomposites are fabricated by using a solution method. Current-voltage (I-V) curves for the devices under dual positive bias voltage sweeps show that the conductance with a pinched hysteresis gradually increased with increasing applied voltage, and those for the devices under dual negative bias voltage sweeps gradually decreased with increasing applied voltage, indicative of the fingerprint of e-synapses. The current in the devices decreases with increasing concentration of GQDs in the active layer, and the devices fabricated utilizing the ratio of PEDOT:PSS to GQDs of 1:0.4 shows the best performance among the e-synapses. The carrier transport and operating mechanisms of the e-synapses are described on the basis of both the I-V results and the trapping and escape of electrons from the GQDs.
INTRODUCTION
The fabrication of bio-inspired, cognitive, adaptive solid-state devices, which form the basis for synaptic electronics, a field of research aiming to build artificial synaptic devices to emulate the neuromorphic computation utilizing biological synapses, has been investigated extensively. [1] [2] [3] [4] Synapses dominate the structure of the brain, and they are responsible for the massive parallelism, structural plasticity and robustness of the brain. Furthermore, the synapses play a crucial role in performing the biological computations that underlie perception and learning. Various kinds of device systems with programmable conductance inspired by existing device technologies, such as phasechange memories, resistive-change memories, ferroelectric switches, carbon-nanotube devices, and three-terminal devices or field-effecttransistor-based devices, have been explored. Among those types of programmable memory devices, resistive switching devices, due to their simple structures, are currently the best candidates for realizing the function of the synapses. 5, 6 Resistive switching devices provide potential capabilities both to change the Si-based computing industry in the fields of logic and analog nonvolatile memories and to play an important role in biologically inspired structures, including electronic synapses and neuromorphic integrated circuits. [7] [8] [9] [10] Resistive switching materials significantly affect the electrical characteristics of the devices. Among the various resistive switching materials, carbon-based nanocomposites have appeared as promising candidates for applications in bioinspired electronics because of their low cost, environmental friendliness, mechanical flexibility, ductility and compatibility with complementary metal-oxide semiconductor technology. [11] [12] [13] Furthermore, nanoscale-size carbon materials, including graphene, graphene oxide, graphene quantum dots (GQDs) and carbon nanotubes, have attracted attention because their electronic doping properties, energy levels and charge-trapping processes can be precisely engineered by changing the size of the particles. 14 In particular, GQDs show superior properties of excitation-dependent photoluminescence, 15 variations in energy levels, electroluminescent properties 16 and charge-storage capabilities for potential applications in electronics and optoelectronics. 17, 18 The charge-storage capability of GQDs, which originates from the presence of charge-trapping states, [19] [20] [21] [22] affects the transport properties of polymer nanocomposites embedded with GQDs. Even though a few studies on the electrical characteristics of organic electronic synapses (e-synapses) have been performed, 23 very few investigations concerning the operating mechanisms of organic e-synapses based on poly (3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)/ GQD nanocomposites have to be performed. This paper reports data for the pinched hystereses and the operating mechanisms of organic e-synapses based on PEDOT:PSS/GQD nanocomposites as an active layer. I-V measurements were performed to investigate the fingerprint of the e-synapses. The effects of the concentration of GQDs on the electrical characteristics of the e-synapses were observed. The carrier transport and operating mechanisms of the e-synapses were described on the basis of the I-V results and the carrier transport processes in the energy band diagram.
MATERIALS AND METHODS
A mixed solution containing a PEDOT:PSS solution (Clevios ph 1000; Heraeus, Hanau, Germany) and a GQD suspension in deionized water (ACS Material, Pasadena, CA, USA) was prepared to fabricate a PEDOT:PSS/GQD hybrid layer. Various ratios of PEDOT:PSS to GQDs in the mixed solution were prepared using 1 ml of PEDOT:PSS and 0, 0.2, 0.4, 0.6, 1 and 1.2 ml of GQDs to investigate the effect of GQD concentration on the performance of the e-synapses. The devices utilizing diverse mixed solutions with GQD concentrations of 0, 0.2, 0.4, 0.6, 1 and 1.2 ml are denoted as E-S-0, E-S-0.2, E-S-0.4, E-S-0.6, E-S-1.0 and E-S-1.2, respectively. The mixed solution was ultrasonicated for 30 min. 24 Indium-tin-oxide (ITO) substrates were sonicated in acetone, methanol and deionized water in sequence for 30 min for the fabrication of the e-synapses. The cleaned ITO substrates were dried with blowing N 2 gas. The PEDOT:PSS/GQD active layers were deposited on the ITO substrates by using a spin-coating method at 3000 r.p.m. for 30 s and then at 300 r.p.m. for 10 s. After spin coating, the solvent was removed by heating the devices on a hot plate at 100°C for 10 min. Finally, Al electrodes with a diameter of 1 mm and a thickness of 200 nm were deposited on the active layer by using a thermal evaporation method. The electrical properties were investigated at room temperature in the atmosphere by using a Keithely 2400 system. Scanning electron microscopy images were observed by using a Nova Nano SEM 450 system (FEI, Hillsboro, OR, USA). Ultraviolet photoelectron spectroscopy spectra were measured by using an X-ray photoelectron spectroscopy-theta probe, and ultraviolet-visible (UV-vis) absorption spectra were investigated by using a Lambda 650S (Perkin Elmer, Waltham, MA, USA). Figure 1a is a structure of neuron and the schematic structure of the device fabricated in this study. The top Al electrodes were grounded for the I-V measurements, and the bias voltage was applied to the bottom ITO electrode. The thickness of the active layer in the device was approximately 43 nm, as shown in the scanning electron microscopy image of Figure 1b . The PEDOT:PSS/GQD active layer was uniformly deposited on the ITO bottom electrode. Al electrodes of 200 nm thickness and 1 mm diameter were deposited on the active layer. Figure 1c presents the photoluminescence spectra of the GQDs. Figure 1d presents the UV-vis spectra of the GQDs and the deionized water. The inset presents the GQDs under 365 nm UV illumination exhibited bright blue emission. The UV-vis spectrum of the GQD is quite different from that of the deionized water. Supplementary Figure S1 in the Supplementary Information shows that the GQDs are smaller than 10 nm in size.
RESULTS AND DISCUSSION
The concentration of the GQDs embedded in a conducting polymer can significantly affect the electrical characteristics. Figures 2a-f present the I-V curves of the devices for various GQD concentrations. Dual voltage sweeps of 0-3-0 V were applied to the devices in each measurement. The E-S-0 device showed large current values, as shown in Figure 2a , because PEDOT:PSS is a highly conducting polymer. 25, 26 The current in the devices decreased with increasing concentration of GQDs. The current in the E-S-0.2 device decreased to about 0.5 mA under 3 V, as shown in Figure 2b , and the initial current for the E-S-0.4 device decreased further, as shown in Figure 2c . For the E-S-0.4 device, the initial current for the first curve (the black one) reached 6 × 10 − 7 A at 3 V, and its maximum current increased with increasing number of dual voltage sweeps. The maximum currents at 3 V of the first, second, third, fourth and fifth I-V curves for that device were 1.3 × 10 − 4 , 2.3×10 − 4 , 3.7×10 − 4 , 6.1×10 − 4 and 7.03 × 10 − 4 A, respectively. The gradual variation in the conductance with increasing number of applied voltage sweeps is a natural feature of e-synapses. 27, 28 The I-V curves for the E-S-0.6 device show that the behavior of the e-synapse still exhibited a slightly imperfect pinched hysteresis, as shown in Figure 2d Figure 3b , and the resistance can be seen to simultaneously increase. The LRS of the I-V curves for the device at the initial stage changed to a high-resistance state after − 3 V, which is opposite to the results for positive dual voltage sweeps. In addition, the resistance of the high-resistance state is almost the same as that of the LRS under the previous negative dual voltage sweep. This phenomenon means that the variation in the resistance state of the device under applied negative dual voltage sweeps can be remembered, which can also be attributed to a characteristic memristive behavior similar to that under positive dual voltage sweeps, as shown in Figures 3b and d . The I-V curves of the device under both forward and reverse dual voltage sweeps are nonlinear, which is a useful feature to mitigate the sneak path currents in a large crossbar array. As a result, the conductance of the device under both positive and negative dual voltage sweeps increases or decreases. The incremental increase or decrease of the conductance for the device is analogous to the potentiation or depression of the synapses in neuromorphic systems. [27] [28] [29] I-V fittings were performed in order to clarify the carrier transport mechanisms of the e-synapses. Figures 4a-d are graphs that were fitted in order to obtain the α-value of I～V α to investigate the carrier transport mechanisms in the devices. Figures 4a and b present the fitted graphs under a positive dual voltage sweep. Firstly, the I-V curve is linear below 0.5 V, as shown in Figure 4a , indicating that Ohmic conduction dominates the carrier transport in the device at the initial state of the forward sweep. Because the α-value of the device above an applied voltage of 0.5 V is 2.97, the conduction is dominated by the space-charged-limited-current (SCLC) mechanism. 30 The α-value increases to 5.19 with increasing applied voltage, indicating that more space charges are formed in the active layer. The I-V curve of the device under a negative dual voltage sweep is linear below − 0.5 V; thus, below − 0.5 V, the device at the initial state is characterized by Ohmic conduction, just as it was under a positive dual voltage sweep. Because the α-value of the fitted curves changes from 2.59 to 4.73 with increasing voltage above − 0.5 V, the device follows the SCLC mechanism, as shown in Figure 4d .
The possible operating mechanisms of the e-synapses can be described on the basis of the above results. Figures 5a and b show the ultraviolet photoelectron spectroscopy spectra of the GQD and the PEDOT:PSS, respectively. The band-gap energy of the GQD is obtained from the UV-vis spectrum, and the highest occupied molecular orbital levels of the GQD and the PEDOT:PSS are determined from the ultraviolet photoelectron spectroscopy spectra. 31 The energy level of the lowest unoccupied molecular orbital of the GQD is determined by using the experimental results for its band-gap energy and the energy level of its highest occupied molecular orbital is in reasonable agreement with the value reported in ref. Figure 5c . Electrons are also injected from the Al electrodes to the PEDOT:PSS with increasing applied voltage, subsequently becoming trapped in the GQDs. As a result, the SCLC mechanism is dominant in the device, as shown in Figure 5d . The trap-controlled SCLC causes a dramatic increase in the conductivity of the nanocomposites, resulting in the setting of the system in the LRS, as can be seen in Figure 3a . 34 More electrons are trapped in the GQDs with increasing positive dual voltage sweep, which leads to a gradual increase in the working current. The device under a negative dual voltage sweep conducts as an Ohmic conductor with increasing voltage until − 0.5 V, as shown in Figure 5e , similar to the conduction mechanism of the device under a positive dual voltage sweep. The SCLC mechanism dominates the conduction for a strong reverse sweep, as shown in Figure 5f . However, the electrons trapped in the GQDs under a negative dual voltage sweep are released, resulting in a decrease in the working current.
CONCLUSION
The electrical characteristics of the e-synapse with a Al/PEDOT:PSS: GQD/ITO/glass structure were investigated. The current of the e-synapse decreased with increasing GQD concentration because the GQDs acted as trap sites. The I-V curves of the devices showed that the pinched hysteresis loops of the I-V curves crossed the origin and that the conductance with a pinched hysteresis increased with increasing applied voltage, a fingerprint of a memristor. The carrier transport mechanism of the e-synapses was dominated by SCLC conduction resulting from electron trapping by the GQDs. The operating mechanisms of the e-synapses could be described on the basis of both energy band diagrams and the trapping and escape of electrons from the GQDs. The electrical properties of the devices can help improve understanding of the promising results for potential applications in next-generation electrical synapses. 
